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MOLECULAR AND ELECTRONIC STRUCTURE OF THIN FILMS OF
PROTOPORPHYRIN(IX)Fe(III)CI

Shelly R. Snyder and Henry S. White
Department of Chemical Engineering and Materials Science

University of Minnesota
Minneapolis, MN 55455

ABSTRACT. Electrochemical, scanning tunneling microscopy (STM), and tunneling

spectroscopy studies of the molecular and electronic properties of thin films of

protoporphyrin(IX)Fe(III)Cl (abbreviated as PP(IX)Fe(III)Cl) on highly oriented

pyrolytic graphite (HOPG) electrodes are reported. PP(IX)Fe(II)C1 films are prepared by

two different methods: (1) adsorption, yielding an electrochemically-active film, and (2)

irreversible electrooxidative polymerization, yielding an electrochemically-inactive film.

STM images, in conjunction with electrochemical results, indicate that adsorption of

PP(IX)Fe(III)Cl from aqueous solutions onto freshly cleaved HOPG results in a film

comprised of molecular aggregates. In contrast, films prepared by irreversible

electrooxidative polymerization of PP(IX)Fe(III)C1 have a denser, highly structured

morphology, including what appear to be small pinholes (-50A diameter) in an otherwise

continuous film. Tunneling spectroscopy of adsorbed PP(IX)Fe(III)C1 on HOPG shows

that the distribution of electronic states associated with the adsorbed electroactive film is

described by two quasi-gaussian peaks centered at ± 0.5 eV of the Fermi level. This

density of state distribution is approximated closely by the Marcus-Gerisher model,

suggesting a parallel mechanism of electron-transfer in STM imaging and

electrochemistry. The first-order rate constant for electron transfer between the STM tip

and surface-confined PP(IX)Fe(III)CI is estimated from an analysis of the tunneling

current density to be - 10 10s .

Submitted to J. Am. Chem. Soc., October, 1991.



INTRODUCTION.

This paper presents an analysis of the structure and electronic properties of thin

molecular films derived from protoporphyrin(IX)Fe(III)CI (abbreviated hereafter as

PP(IX)Fe(III)Cl). The redox chemistry of PP(IX)Fe(III)CI and other metal porphyrins

plays a key role in the biological activity of chlorophylls and cytochromes[l, 2], and has

been investigated extensively in studies concerned with the elucidation of biological

functions of protein molecules. The reversible binding of oxygen by various

metalloporphyrins, including PP([X)Fe(III)Cl, is a process similar to that which allows

hemoglobin to transport oxygen[ 3I in biological tissues, and is also of interest as a model

for the electrocatalytic reduction of 02 [4].

COOH COOH
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The kinetics and electron-transfer mechanisms of the reduction of PP(IX)Fe(I)CI

and synthetic analogs have been studied in detail in aqueous and nonaqueous solvents [5].

Particularly relevant to the present investigation is the well known observation that

PP(IX)Fe(III)C1 irreversibly adsorbs from aqueous solutions onto the surfaces of vitreous

carbon and pyrolytic graphite electrodes [4b,6,7] and to a lesser extent onto the surface of
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some metals (e.g., Hg)[c,8l. Adsorption yields a molecularly-thin film that can be

electroreduced at potentials near the pH-dependent thermodynamic solution value of

PP(IX)Fe(HI)C1. The film also undergoes ligand substitution reactions in the presence of

carbon monoxide and strong axial heterocyclic ligands (e.g., pyridine)[9 1 that are

analogous to the known solution chemistry of PP(IX)Fe(III)CI. Although small

differences exist in the literature values, it is generally observed from coulometric analysis

that approximately one monolayer of PP(IX)Fe(III)CI is adsorbed onto the electrode

surface, corresponding to a surface coverage of -10-10 mole/cm 2 .

The molecular and intramolecular structure of adsorbed PP(IX)Fe(III)CI layers is

considerably less well understood than the corresponding electrochemical behavior.

Surface coverage measurements of PP(IX)Fe(III)CI, in conjunction with molecular

models, have been used by several authors to imply that PP(IX)Fe(III)C1 adsorbs in a flat

configuration with the aromatic system parallel to the electrode surface. To our

knowledge, this simple and plausible structure has not been demonstrated by a direct

imaging technique or by a spectroscopic method sensitive to the adsorbate orientation.

Evidence also exists for more elaborate structures in which PP(IX)Fe(III)CI is adsorbed

as molecular aggregates or with multiple orientations with respect to the electrode surface.

Brown et al.[ 7], for example, observed two closely separated voltammetric reduction

waves for PP(IX)Fe(III)C1 adsorbed on vitreous carbon in 0.1 M sodium borate

solutions. These authors attributed the multiple waves to the presence of two distinct

forms (albeit unknown) of PP(IX)Fe(III)CI, presumably a result of specific differences in

the orientation or interactions of the molecules on the surface. Electrochemical analyses

showed that only one form of the adsorbed molecule is capable of reversible binding and

reducing 02 dissolved in solution, demonstrating an interesting difference between

surface-confined and solution chemistry.
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In this communication, we report the results of our investigation of the structure

and electronic properties of PP(IX)Fe(HI)CI using scanning tunneling microscopy (STM)

[10,111. We show that electroactive films of PP(IX)Fe(Ill)CI adsorbed on graphite from

aqueous borate solutions are comprised mainly of large, uniformly distributed molecular

aggregates. The structure of adsorbed PP(IX)Fe(Il)CI is also compared to electroinactive

films prepared by electrooxidative polymerization of PP(IX)Fe(IIl)CI. We also report an

intriguing correlation of tunneling spectroscopy data with the electrochemical properties

of adsorbed and polymerized films of PP(lIX)Fe(IlI)CI. In particular, we show that the

surface distribution of electronic states (SDOS) obtained from TS experiments on thin

electroactive films of adsorbed PP(IX)Fe(III)CI is in good agreement with predictions

from the classical electron-transfer theories of Marcus[ 121, Gerischer [131, Levich 114] and

others [15). Analysis of the tunneling current yields an apparent first-order electron-

transfer rate constant of 1010 s- l in the STM experiment. In contrast, the SDOS of thin

films prepared by the irreversible, oxidative electropolymerization of PP(IX)Fe(III)CI

show a wide energy region that contains a low density of electronic states, in agreement

with the reduced electrochemical activity.

EXPERIMENTAL.

Reagents. Protoporphyrin(IX)Fe(III)Cl (Fluka) and analytical grade sodium borate

(Na 2B4 07, Mallinickrodt) were used as received. Water was purified (18MO) with a

Water Prodigy apparatus (Labconco Corp.).

Instrumentation and Methods. STM images were obtained in air with a Nanoscope II

(Digital Instruments, Santa Barbara, CA.). Images were recorded in constant current

mode using scan rates ranging from 2.5 to 5.6 Hz. Tunneling tips were constructed from

mechanically cut Pt-70%-Rh 30% wire. Bias voltages and tunneling currents varied for
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each image and are listed in the figure captions. Images are low-pass filtered. Current

versus voltage, I-V, data were acquired at a constant tip-to-substrate separation. I-V plots

were recorded by measuring the current between the tip and substrate while linearly

scanning the voltage (with the tip-to-substrate separation bias voltage interrupted) between

+ 1.5 V over a 0.2 sec. interval for the adsorbed PP(IX)Fe(III)CI films and between +

2.0 V over a 0.2 sec. interval for the electrooxidized PP(IX)Fe(III)Cl films. Tunneling

currents observed in the I-V measurements ranged from I to 50 nA. Each I-V plot is

comprised of ~1010 electron-transfer events (plus or minus one order of magnitude).

Plots of (dI/dV/(I/V)) vs V (i.e., density of state plots (DOS)) were numerically calculated

from the I-V curves following transfer of the data to an IBM PC.

Electrodes were prepared using a - 0.6 x 0.6 x 0.1 cm piece of highly oriented

pyrolytic graphite, HOPG, (Grade A or Grade B, Union Carbide). Electrical contact to

the back side of the HOPG sample was made with a copper wire and conductive epoxy

(Epo-tek H20E, Epoxy Technology Inc.). The HOPG substrate was mounted

perpendicular to the end of a glass tube with epoxy, exposing both the front basal plane

and edges to the solution. Following adsorption or electropolymerization of

PP(IX)Fe(III)C1, electrodes were rinsed with water and air dried. The HOPG substrate

was removed intact from the glass tube for STM measurements by inserting a razor blade

between the substrate and the epoxy.

Electrochemical experiments were performed with a EG&G Princeton Applied

Research Model 173 Potentiostat and a Model 175 Universal Programmer. The

electrochemical cell consisted of a sodium saturated calomel reference electrode (SCE), a

platinum wire coil counter electrode, and the HOPG working electrode. Dissolved

oxygen was removed from the solution by purging with prepurified N2 prior to

experimentation (20 min.) and by maintaining a positive pressure of N2 in the cell above

the solution during voltammetric measurements.
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RESULTS AND DISCUSSION.

STM Images of PP(IX)Fe(III)CI on HOPG. The adsorption and subsequent

electrochemical behavior of PP(IX)Fe(Ill)C1 on HOPG and glassy carbon electrodes has

been investigated extensively in several laboratories[ 4 b,6 ,7]. In addition, the

electrochemical oxidation of the dimethylester analogue of PP(IX)Fe(III)CI on Pt

electrodes [16,171 has been studied by Macor and Spiro. However, to our knowledge no

direct measurements of the surface structure of either electrode have been performed.

Studies on porphyrin complexes have been hampered, in part, by the propensity of these

complexes to aggregate under various solution conditions. In aqueous solutions,

PP(IX)Fe(III)CI is known to form aggregates[ 18, 19 ] as large as -4,000,000 MW [201,

although typical values are in the range of -30,000 MW [211. The aggregates are thought

to involve both g-oxo bridged dimers [18,221 as well as larger oligmers where the

complexes are associated through the vinyl groups [23], and/or hydrogen bonded [24].

Below we report the STM images of films of PP(IX)Fe(Ill)CI on HOPG

electrodes. We show that the structure and electronic properties of the resulting films vary

significantly depending on whether PP(IX)Fe(III)CI is deposited by adsorption or by

electrooxidative polymerization.

Films formed by Adsorption:

Molecular films of PP(IX)Fe(III)CI were formed by adsorption onto HOPG

following the procedure of Anson and coworkers [7]. A freshly cleaved HOPG electrode

was placed in a 0.1 M Na2B 4 07 solution (pH -10.0) containing -0.5 mM

PP(IX)Fe(III)CI and the potential was cycled between 0.0 and -1.2 V vs SCE. This

potential range encompasses the half-wave potential for the one-electron metal localized

reduction of PP(IX)Fe(III)CI (El/2 - -0.52 V vs SCE). A diffusion-limited, peaked,
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cyclic voltammogram corresponding to PP(IX)Fe(III)CI reduction was observed in the

deposition solution.

Fig. 1 shows the cyclic voltammetric response of an HOPG electrode in an

aqueous solution containing only Na2B 4 07 following adsorption of PP(IX)Fe(III)C1.

The voltammogram shows nearly symmetrical reduction and reoxidation waves of equal

magnitude, consistent with reversible electron-transfer between the surface-bound redox

species and HOPG. The surface coverage of PP(IX)Fe(llI)C, F, estimated from the area

under the voltammogram, is -10 x 10-10 moles/cm 2 . This value is uncorrected for

adsorption of PP(IX)Fe(III)CI on the exposed edged planes of the HOPG electrode and

thus overestimates the true surface coverage of adsorbed PP(IX)Fe(III)CI on the basal

plane. (The edge planes of the electrode is left unmasked in order to facilitate removal of

the substrate for STM measurements - see Experimental). In control experiments in

which the edge planes of the HOPG electrode surface were sealed with epoxy, the

apparent surface coverage of adsorbed PP(IX)Fe(III)CI calculated from the voltammetric

response was -10 times smaller. The higher electrochemical reactivity when the edge

planes are exposed is thought to be due to the presence of highly reactive functional

groups at this location. These same functional groups are not present on the basal plane

expect at defect sites. Thus, the STM images reported here are for films with corrected F

on the order of 10-10 mol/cm 2. This later value corresponds to an average film thickness

of - 3 monolayers based on the molecular dimensions of PP(IX)Fe(III)CI (-14 x 17 A2)

[6,81 and assuming that PP(IX)Fe(III)C1 is adsorbed in a closed-packed array with its

planar face parallel to the electrode surface.

The 0.25 jim 2 STM image in Fig. 2 shows that adsorbed PP(IX)Fe(Il)CI forms a

continuous film over large areas of the electrode surface. (The low magnification image of

the film in Fig. 2 is representative of much larger regions of the surface) Two

morphologically distinct regions of the film are apparent in Fig. 2. In the top half of the
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image, -50 A diameter, irregular-shaped aggregates of PP(IX)Fe(III)Cl are observed to be

randomly distributed across the surface. In the lower half of the image, the film is

comprised of molecular aggregates of similar size but which appear to be interconnected to

form linear strands approximately 50 A wide and of various lengths. In addition, the

linear strands in the lower region are preferentially oriented (- 450 with respect to the scan

direction) suggesting either long range inter-aggregate ordering or a tip-induced ordering

of aggregates. A similar ordered structure is observed in atomic force microscopy

(AFM)[25,26 images of thin molecular films of PP(IX)Fe(III)C1 [27]. The structural order

observed here is different than that of super-lattice structures frequently observed on bare

HOPG, e.g., Moire patterns [28,29,30] and stacking faults [311. The lower region of the

image is also displaced vertically by 20 -30 A relative to the upper region of the film, a

finding that we attribute to the growth of a second layer of PP(IX)Fe(III)CI aggregates

over an underlying film or to an unseen crystallographic step on the underlying HOPG

substrate. No attempt was made to determine the absolute fraction of the surface covered

by the PP(IX)Fe(III)C1 film other than to note that very large regions of the surface are

uniformly covered by the aggregates.

The structures observed in Fig. 2a and enlarged in Fig. 2b are consistent with the

above described tendency of PP(IX)Fe(III)Cl to form large aggregates. STM images of

PP(IX)Fe(III)CI deposited at different surface coverages on HOPG reproducibly showed

similar size aggregates but with varying degrees of long-range coverage. In addition to

the large-area regions uniformly covered with aggregates (e.g., Fig. 2), we have also

observed structures that appear to be individual aggregates and small patches of

aggregates. In each case, the apparent vertical height of the aggregate or film is 10-30,

higher than the HOPG surface.
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Films formed by Electrooxidative P.lymerization:

Molecular films of PP(IX)Fe(III)Cl were oxidatively electropolymerized on

HOPG by placing a freshly cleaved HOPO electrode in a 0. 1 M sodium borate solution

(pH -10.0) containing -0.5 mM PP(IX)Fe(III)C1 and cycling the potential between 0.0

and +1.0 V vs SCE, as shown in Fig. 3. The broad anodic peak observed when cycling

the potential to +1.0 V vs SCE results from several ring centered oxidationst27l.

Oxidation of PP(IX)Fe(III)CI at E1/2 -0.36 V produces a t cation radic&' which

can undergo radical vinyl polymerization [16,27]. Cycling the potential past this value in

aqueous solutions results in the formation of an isoporphyrin species[ 17 ,321, e.g.,

dioxoporphomethene[1 7 ] in the presence of nucleophiles, such as water. In this reaction,

the meso positions on the porphyrin ring are replaced by hydroxy substituents to yield a

dihydroxyporphyrin species which can then be further oxidized to an electrochemically-

inert quinoidal dioxoporphomethene species. The decrease in the anodic peak current at

0.75 V with repetitive cycling and the concurrent decrease in the voltammetric wave at -

0.52 V (corresponding to the metal centered reduction) support this mechanism. A

reddish-brown film is evident on the electrode surface after cycling the electrode potential

of the electrode between 0.0 and 1.0 V vs SCE. Quartz crystal microbalance studies and

uv-visible spectroscopy of films prepared by oxidative polymerization of PP(IX)Fe(III)CI

quantitatively confirm the deposition of a molecular film and will be reported later 127].

The 0.25 gim 2 STM image of a 50 nm thick film in Fig. 4(a) shows that

electrooxidation of PP(IX)FeC1 on HOPG forms a continuous film over large areas of the

electrode surface. As seen in the image, this film is comprised of what appear to be

polymer clusters of various lengths and on the order of 33 A in width. In addition, the

clusters are preferentially oriented (- 450 with respect to the scan direction) suggesting a

similar interaction of the tip with the surface and/or long range inter-aggregate ordering as
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previously mention. In the top half of the image, small mounds of polymer have been

deposited over the lower layer. These mounds have a vertical displacement of-10 A with

respect to the polymer film in the lower layer and are again oriented at -450 with respect to

the polymer layer beneath. Essentially identical features are observed in AFM images.

Fig. 4b shows a smaller image, 0.03 p.m 2, of the same area as in Fig. 4a. This

image more clearly shows the film is comprised of small oblong-shaped clusters of

polymer on the order of -40 A by -80 A. A relatively high proportion of the clusters

appear to have a deep cavity corresponding to regions of low tunneling current. We

speculate that these cavities may be the interior center of coiled polymer chains, a

structure that is not unexpected since the structure of the porphyrin molecule would

preclude a linear structure. Another possible explanation for these cavities is that the

STM tip pierces the polymer film at regions of the film which are thicker and therefore less

conductive. We have previously shown, for instance, that the STM can be used to create

small pinholes (50A diameter) in thin layers of an insulating oxide (TiO2) deposited on a

metal[ 33,341. However, we note that the appearance of these structures is independent of

the film thickness and voltage bias, and that they are also readily observed in AFM

images[ 27 1. These later results suggest that the STM images accurately reflect the true film

structure.

Tunneling Spectroscopy and Analysis of the Electronic State Distribution

of PP(IX)Fe(III)CI Films.

A key unresolved issue in STM imaging of any molecular adsorbate is the

mechanism(s) of electron-transfer between the metal tip and the adsorbate-covered

substrate[ 35 ,36 1. Isolated individual molecules [37,38,39,40], ordered crystalline

[41,42,43,441 and semicrystalline molecular films [45,46,47], large biomolecules [481, organic

molecular crystals [49,501, organometallic [51] and thick conducting [52) and nonconducting
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polymer films [531 have been imaged with molecular and/or near molecular resolution. In

view of the rich variety of molecules that have been imaged in vacuum, air, and liquids, it

appears probable that a single tunneling mechanism may not be able to account for all the

observations.

Electron tunneling processes that occur during STM imaging of PP(IX)Fe(III)C1

and other electroactive molecules have, in principle, a similar basis as electron-transfer

reactions that occur in conventional electrochemical reactions 154,551. In the

electrochemical experiment, electron-transfer occurs between a metal surface and an

electroactive molecule (within a layer of solvent molecules and ions which create the

electrical double layer at the solvent-substrate interface). In the STM experiment,

electron-transfer occurs between a metal tip and the substrate coated with a molecular

adsorbate and associated counterions. This similarity has been exploited by Morisaki and

co-workers [56,57,58] in using thin SiO 2 tunnel barriers (on macroscopic Pt silicide

substrates) in tunneling spectroscopy (TS) experiments [591 designed to probe the

electronic density of states (DOS) of electrochemical molecules in solution. An important

difference between the study of electron-transfer reactions in TS experiments of

adsorbates and in conventional electrochemical measurements of soluble redox species is

that mass-transfer limitations are expected to be absent (or less pronounced) during TS

experiments due to the close proximity of the tip with the molecules and substrate. In

principle, the removal of mass-transport limitations, which frequently obscure quantitative

analyses of electron-transfer mechanisms, allows detailed investigations of the rates of

very fast electron-transfer reactions.

Our discussion of electron transfer reactions occurring during TS is focused on

electroactive molecular adsorbates that undergo chemically reversible and facile electron-

transfer reactions of the type 0 + ne- i R at a conducting substrate. The metal

centered reduction of PP(IX)Fe(III)CI, PP(!X)Fe(III)CI + e- PP(IX)Fe(III)Cl,
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is a typical example of this class of reactions, undergoing a l-e- reduction at HOPG as

evidenced by the voltammetric wave shown in Fig. 1.

The tunneling current, 1, in an STM experiment can be expressed as

eV

I = Jps(E)pt(E,eV)T(EeV)dE (1)

where ps(E) is the combined density of states of the substrate plus adsorbate (hereafter

referred to as the surface distribution of states (SDOS)), pt(E,eV) is the density of states

of the tip in the case of a vacuum junction or the solution density of molecular states next

to the electrode in the case of an electrochemical interface, and T(E,eV) is the transmission

probability for electrons crossing the tunneling barrier [601. Eq. 1 was applied as early as

1931 by Gurney [61] in establishing a quantum-mechanical basis for the non-linear

electrochemical i-V characteristics observed at low overpotentials (i.e., Tafel eq.). For the

case of tunneling in a vacuum junction the density of states of a metallic tip, pt(E,eV), is

usually taken to be nearly constant over the full range of bias voltages used [62].

The combined density of electronic states, ps(E), associated with the

PP(IX)Fe(III)CI film and HOPG electrode can be experimentally evaluated by measuring

of the dependence of the tunneling current I on the voltage applied between the STM tip

and electrode, V. As shown be Feenstra and coworkers[63 1, the SDOS associated with

the tunneling process can be obtained by differentiation of eq. (1) to yield

ps(E) - (dI/dV)/(I/V) (2)

where (dl/dV)/(I/V) represents the differential conductance (dJ/dV) of the tunnel junction

normalized to the total or integral conductance (I/V). The right side of eq. (2) can be
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numerically evaluated from experimental I-V data to the yield the SDOS associated with

the adsorbate covered electrode. As theoretically and experimentally shown by others,

this method of analyzing for ps(E) yields tunneling spectra (i.e., plots of (dl/dV)/(I/V) vs

V) that are approximately independent of the tip-to-substrate separation.[63 1

To evaluate ps(E) for PP(IX)Fe(III)Fe films on HOPG, we measured the

tunneling current at a fixed tip-to-substrate separation as a function of V (Fig. 5a). The

HOPG/PP(IX)Fe(III)Cl electrode was removed from the 0.1 M Na2B407 solution at

0.0 V vs SCE (corresponding to the fully oxidized Fe(III) state), washed with distilled

H2 0 and air dried. Fig. 5a shows I-V data that were obtained on the adsorbed

PP(IX)Fe(III)CI film in Fig. 2 over the area where the smaller aggregates had deposited

(top of Fig. 2a). It is evident that the I-V curve has symmetric peaks about 0.0 V. In

addition, the tunneling current reaches a quasi-limiting value at biases larger than ± 1.0 V.

The SDOS calculated from these data are shown in Fig. 5b. Two quasi-bell shaped peaks

centered at ± 0.5 eV are apparent in the TS data, representing the SDOS associated with

electron tunneling processes of the HOPG/PP(LX)Fe(III)CI structure at positive and

negative biases.

For comparison, Fig. 6a and b show the I-V and (dI/dV)/(I/V)-V plots,

respectively, obtained on the basal plane of bare HOPG. In contrast to the results

obtained on the PP(LX)Fe(III)CI film, the normalized conductance plot of bare HOPG

shows that the density of states is described by a broad continuum with a small decrease in

the SDOS near the Fermi level. The general shape of the I-V curve and SDOS for bare

graphite are in agreement with previous literature reports[281.

We propose that the general shape of SDOS plot measured for adsorbed

PP(IX)Fe(III)CI on HOPG can be accounted for by assuming that the overall electron

transfer mechanism between the STM tip and the underlying HOPG substrate occurs via a

charge transfer mechanism mediated by adsorbed PP(IX)Fe(Il)CI:
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PP(IX)Fe(HI)Cl + e,ipPP(IX)Fe(II)CI (3)

PP(LX)Fe(II)Cl PP(IX)Fe(III)CI + e'HOPG (4)

The subscripts "tip" and "HOPG" indicate the location of the transferring electron. Eqs. 3

and 4 are assumed to be reversible, allowing tunneling currents of equal magnitude to be

observed at both positive and negative biases as is experimentally observed. The

underlying assumption in proposing a redox mechanism (eqs. 3 and 4) is that the

adsorbed PP(IX)Fe(III)CI introduces a localized electronic state that is weakly coupled

with the substrate and tip as qualitatively depicted in Scheme I. We note that a

conceptually similar mechanism is implicit in recent models proposed by Gimzewski and

coworkers in their analysis of the contrast in STM images of copper phthalocyanine [641

and by Zheng and Tsong in their analysis of resonant tunneling via tip-localized,

molecular electron traps 1651.

Assuming that electron-tunneling in the STM experiment occurs as a result of the

two tunneling processes indicated in eqs. 3 and 4, the experimentally-obtained SDOS can

be compared with theoretical predictions of the classical Marcus-Gerischer model which

describes the polarization-dependent density of states associated with a redox couple in

terms of the solvent reorganizational energy, X, and the standard potential of the of redox

couple, Vo. In the-simplest form of this theory, the density of states is given by

ps(eV) = Oexp[-(. ± e(V - VO))2/().4kT)] (5)

where e is a constant proportional to the number of electroactive species within electron-

transfer distance of the electrode. The distribution function given by eq. 5 predicts that the

densities of electronic states associated with the reduced and oxidized halves of an
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V o  OIT

4 - S - *

Scheme I. A schematic drawing of electron-transfer reactions (top) between adsorbed
PP(IX)Fe(Il)C1 and the STM tip and HOPG substrate, and the corresponding electric
potential diagram (bottom) showing the energy distribution of molecular redox states
within the tunnel junction.
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electrochemically-active molecule are described by symmetric gaussians displaced from Vo

by +±e. The magnitude of X reflects the energy associated with reorganization of the

solvent upon change of the oxidation state of the molecule and with molecular structural

changes, and has been the focus of numerous recent studies concerned with the dynamics

of homogeneous and heterogeneous electron-transfer reactions. Morisaki and coworkers

have directly evaluated ps(eV) for several inorganic and organic molecules through

tunneling spectroscopic measurements using macroscopic electrodes and have found their

results to be in good agreement with eq. 5[56 ,57-581.

Theoretical values of ps(eV) calculated from eq. 5 using X = 0.5 eV and VO = 0.0

eV are shown in Fig. 5b. Comparison of the experimental SDOS with these values show

that the data are in reasonable agreement with theory although a true gaussian distribution

is not observed. The widths of the SDOS at the base of the curves are -2k in agreement

with theoretical expectations.

The symmetric distribution of the experimental SDOS indicates that both oxidized

(PP(IX)Fe(III)CI) and reduced (PP(IX)Fe(II)CI) forms of the adsorbed electroactive film

participate in the tunneling processes, although only PP(IX)Fe(nI)CI is initially present in

the as-formed film upon removal of the electrode from solution at 0.0 V vs SCE. This

apparent inconsistency can be removed by noting that the STM tip is probing a very small

absolute number of redox molecules whose redox distribution (i.e., the ratio of oxidized

and reduced sites. PP(IX)Fe(llI)Cl/(PP(IX)Fe(II)CI) will be affected by the sign and

magnitude of the potential applied between the tip and HOPG substrate. For instance,

assuming that the tip is biased at a large negative value, electrons will be transferred from

the tip to PP(IX)Fe(III)CI (eq. 3), yielding PP(IX)Fe(II)CI which may be reoxidized (eq.

4). The magnitudes of the electron-transfer rate constants of eqs. 3 and 4 will determine

which of the two intermediate tunneling steps will limit the overall flux of electrons from

the tip to the substrate. Assuming that the tip-to-molecule electron transfer (eq. 3) is slow
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relative to transfer between the molecule and HOPG substrate (eq. 4), the film will be

comprised essentially of PP(IX)Fe(III)CI sites, i.e., PP(IX)Fe(III)CII(PP(IX)Fe(II)Cl

>>I. Conversely, at large positive tip-to-HOPG biases, electron flow will occur by the

reduction of PP(IX)Fe(IIl)CI via electron-tunneling from HOPG to the adsorbed layer (the

reverse direction of eq. 4), followed by slow reoxidation of PP(IX)Fe(II)CI by the tip

(the reverse direction of eq. 3). Under these conditions, the molecular layer will be

comprised essentially of PP(IX)Fe(II)CI sites, i.e., PP(IX)Fe(III)Cl/(PP(IX)Fe(II)CI <<

1. At low positive or negative biases, the overall driving force for electron-transfer will

be correspondingly smaller, and the film will be comprised of both oxidized and reduced

sites. The tunneling current will be correspondingly smaller since fewer oxidized and

reduced sites can serve as acceptor and donor states for electron-tunneling to the tip.

Although it is not possible to discern from our experiments whether eq. 3 or 4 is

rate limiting, a similar rationalization of the symmetry of the observed SDOS can be

reached by assuming that eq. 4 is the slower of the two steps. In principle, it is possible

to control the rate of tunneling between the tip and absorbed layer by varying the

separation between the tip and surface. Such an experiment would unequivocally

establish the relative rates of eqs. 3 and 4 and is currently being pursued in our laboratory.

The above arguments suggest that the adsorbed electroactive film, as removed

from the electrochemical cell in the fully oxidized Fe(III) state, functions as both acceptor

and donor states in the electron-tunneling processes, mediating the electron current

between the STM tip and HOPG substrate at both positive and negative biases. The

ability of one half of a redox couple to act as the charge carrying species at both positive

and negative bias can be clearly demonstrated in a more conventional electrochemical

experiment employing a 2-electrode thin-layer cell (TLC) [66] in which only one-half of a

soluble redox couple is initially present in the solution. For example, Fig.7(a) shows the

cyclic voltammetric response of a 0.4 mm radius Pt electrode (in a 3-electrode cell
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arrangement) in a bulk solution of 10 mM K4Fe(CN) 6 containing 0.1 M Na 2 SO 4 as

supporting electrolyte. A voltammetric wave, centered at the half-wave potential of the

Fe(CN)6 -3/-4 couple, E1/2 = 0.19 V vs. SCE, is observed when the electrode potential is

initially scanned to positive values, corresponding to the oxidation of Fe(CN)6 -4 and re-

reduction of electrogenerated Fe(CN) 6-3 (671. When the potential is scanned to negative

values, a cathodic current at - -0.7 V vs. SCE is observed which corresponds to the

reduction of H20 (E° = -0.66 V vs. SCE at pH 7). When the same electrode is employed

in a 2-electrode TLC as one of two identical and closely spaced plane parallel Pt electrodes

(see Fig. 7), the i-V behavior of the cell is a complex function of separation distance, d,

between the two electrodes. At large separations, d = 200 gm, a peak-shaped i-V wave is

observed, Fig. 7b, that has a shape qualitatively similar to the voltarnmetric wave

observed at an individual Pt electrode in the 3-electrode cell, Fig. 7a. However, there are

two significant differences in the response, First, the wave is centered at 0.0 V applied

bias (as opposed to 0.19 V in the the 3-electrode arrangement). This shift results from

equilibration of the two Pt electrodes with bulk Fe(CN)6-4 and with the product

Fe(CN)6-3 that is electrogenerated as current flows through the cell. It is important to

realize here that the peak-shaped response does not result from the conventional oxidation

and re-reduction of Fe(CN)6-4 at an individual electrode, as occurs in the 3-electrode

arrangement employing a reference and counter electrode, Fig. 7a. Rather, the

symmetric i-V response results from the diffusional oxidation of Fe(CN)6-4 at either

electrode whenever that electrode is positive with respect to the second electrode. Second,

the magnitude of the peak currents are -5 times smaller in the 2-electrode TLC due to (i)

the requirement of maintaining electroneutrality within the cell and (ii) the absence of a

solution species that can be easily reduced at low potentials. In this experiment, the

oxidation of Fe(CN)6 -4 at the positive electrode must be accompanied by a cathodic

process at the negative electrode. Since the most easily reduced solution species in this
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experiment is H20 (see Fig. 7a), the minimum applied bias necessary to concurrently

carry out faradaic processes at both electrodes is equal to {EO'(Fe(CN)6 3/-4 ) -

EO'(H20/H2)} - 0.9 V, significantly larger than the voltage range scanned in obtaining

the voltammetric response shown in Fig. 7b. Therefore, it is more probable that peak

currents in the i-V response shown in Fig. 7b result from oxidation of Fe(CN) 6
"4 at the

positive electrode accompanied by cathodic double layer charging of the negative

electrode.

When the separation distance between the two Pt electrodes is decreased to -10

4m, Fig. 7c, a true steady-state sigmoidally-shaped i-V response is observed which

displays well-defined limiting current plateaus at both positive and negative biases. The

symmetry and steady-state characteristics of this wave now reflect the fact that Fe(CN)6-4

oxidation at one electrode is balanced by an equal rate of Fe(CN) 6
- 3 reduction at the

opposite electrode. Fe(CN)6 -3 , which is not initially present in the solution, is

electrogenerated and rapidly transported across the cell gap on the slow time-scales of

these measurements. The steady-state response resulting from this "feedback" mechanism

is quantitively discussed in context of twin-electrode cells employing reference and

auxiliary electrodes [66b,cJ and hi applications of scanning electrochemical microscopy[68 1.

The 2-electrode TLC witml only one half of a redox couple present in solution, is

essentially equivalent to the STM tip/PP(IX)Fe(IH)CI/HOPG tunnel junction, with the

addition of mass-transport limitations in the electrochemical cell that control the i-V

response. Since the mass transport rates of Fe(CN)6-4 and Fe(CN)6 "3 in the 2-electrode

TLC are inversely proportional to the inter-electrode separation distance, d, the i-V

response at sufficiently small values of d may eventually be limited by the heterogeneous

electron-transfer reactions at the Pt electrodes (i.e., Fe(CN)6- 3 + e- c Fe(CN) 6 -4).

This point is addressed more quantitatively in a later section. The key findings of the

TLC experiment are: (i) steady-state currents of exactly equal magnitudes flow through the
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cell in both negative and positive biases when only one half of a reversible redox couple is

present in the layer separating two closely spaced electrodes, and (ii) the Fermi-level of

the two Pt electrodes and the redox potential of the solution (EI/2) are essentially equal as

evidenced by the symmetry of the wave around zero bias (0.0 V). These features are

observed in the TS i-V curves of for the STM tip/PP(LX)Fe(III)CI/HOPG junction (Fig.

5a) as well as in the 2-electrode TLC with Fe(CN)6
-4 , demonstrating the feasibility of

eqs. 3 and 4 as the charge conduction mechanism in the STM experiment.

The shape of the SDOS plots suggests that the PP(IX)Fe(HI)CI molecules that

comprise the electroactive film are solvated to the extent that the molecules can be reduced

or oxidized. The absence of a bulk solvent in the experiment, however, prevents a

detailed analysis of the significance of X. The value of X = +0.5 eV, which fit the

experimental data in Fig. 5b, is well within the range of values (0.3 to 1.5 eV) measured

for both inorganic and organic redox systems[ 69 1. Although it is unlikely that a

continuous film of H20 is present on the surface after air-drying the electrodes, we

speculate that the individual molecules and residual electrolyte ions (Na + and B40 7
2 -) that

comprise the film may retain their solvation shells in the absence of rigorous drying.

Photoelectron spectroscopy studies of emersed electrodes, for example, clearly

demonstrate that solvated ions adsorbed on metal surfaces remain intact in high

vacuum[70].

Fig. 7a and b show the I-V response and SDOS plot, respectively, for molecular

films derived by oxidative electropolymerization of PP(IX)Fe(III)CI. In contrast to the I-

V curve for adsorbed PP(IX)Fe(III)CI on HOPG, the tunneling current for this electrode

increases nearly exponentially at large positive and negative biases (> + 0.75 V), defining

a region in which the current is relatively small and constant. The SDOS plot (Fig. 7b)

correspondingly shows an apparent gap of -1.5 eV between molecular states that act as

donor and acceptor levels. Analysis of the SDOS plot for this film is complicated by
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mass-transport limitations that probably limit the rate of electron flow through the thicker

film and by the irreversible oxidative degradation of the PP(IX)Fe(Il)C1 to isoporphyrins

(vide supra). The apparent bandgap observed in Fig. 7b, however, may correspond to

the metal-to-ligand charge transfer of PP(IX)Fe(III)CI which is observed in uv-visible

spectra at -610 nm or 2.03 eV[ 16 ,2 7]. In other studies, it has been noted that the

maximum absorption for isoporphyrins occurs at -1.0 V. It has been noted by other

researchers that there is a close correspondence between the charge transfer observed

spectroscopically and the difference between the half-wave potentials for oxidation and

reduction of a metalloporphyrin complex[711 . The difference in the half wave potential for

the reduction (-0.52 V) and first oxidation (0.36) wave of PP(IX)Fe(III)C is 0.88 V,

similar to the band gap observed in the TS experiment. However, as noted above, the

apparent SDOS for oxidatively polymerized PP(IX)Fe(III)CI films may reflect the poor

conduction in these films, rather than the properties of individual molecular species.

Electron-Transfer Rate Constant. While the I-V measurements do not allow

identification of either eq. 3 or eq. 4 as the rate-limiting step in the tunneling mechanism,

it is instructive to recast values of the tunneling current, I, as an apparent first order

electron-transfer rate constant, ket (s01 ). This can be accomplished by defining a

geometrical area of the electroactive film that encompasses the tunneling region, AT, and

using the relationship

I = nFATr(LV)ket (5)

In eq. (5), n is the number of electrons transferred per molecule (=1), F is the Faraday,

and Fr(V) is the bias-dependent surface density (mol/cm 2) of electroactive molecules that

can act as electron acceptors (at negative tip-to-substrate bias) and donors (at positive tip-
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to-substrate bias). As discussed in the previous section, in the limit of a large applied

bias, F(.V) is equal to the total surface coverage of electroactive molecules, r. Under

these conditions, eq. (5) reduces to [671

I = nFATIFkt (6)

from which ket(V) can be readily evaluated from the tunneling current and the coulometric

measurement of F.

To estimate ket using either eqs. (5) or (6), we assume that electron-tunneling

between the tip and substrate occurs within a circular region of area AT = a2 where a is

c:.termined by the tip radius. Estimated values of the radius in the literature range from 5 -

20 A [721 yielding AT between I and 10 x 10-14 cm2 . We assume that the electroactive

film has a thickness df that is sufficiently thin that charge introduced into the film as a

result of a redox process (eqs. 3 or 4) is removed by conduction in the direction normal to

the substrate. This condition is fulfilled when a >> df. For the PP(IX)Fe(III)C1 films, a

- df- 10 A and some charge may leak outside the boundary defined by a, a complexity

that we shall ignore.

Fig. 9 shows ket values obtained using eq. 6 and the I-V data in Fig. 5a for an

adsorbed PP(IX)Fe(III)CI film. In calculating ket, we assume F is equal to the

electrochemically .measured surface coverage (10-10 mol/cm 2) and a = 10A. The data in

Fig. 9 show that ket increases from - 109 s- 1 at zero bias (V = 0) to -5 xl0 10 s-1 at large

positive or negative bias, IVI > 0.7 V. The dependence of ket on V can be attributed to

either a decrease in the activation energy for electron-transfer (eqs. 3 and 4) at large

biases, or to an increase in the number of molecules that can act as donor and acceptor

states at large positive and negative biases, respectively. As previously discussed, at low

biases, the electroactive film will be comprised of both oxidized and reduced sites and eq.
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6, which is based on the voltage-dependent number of acceptor and doncr states, r(.V),

is clearly a more appropriate equation. To determine the functional dependence of F(+V),

however, wo,,ld require a detailed kinetic model that relates k-t to the local electric

potential, O(x), within the tunneling junction (see Scheme I). Since 0O(x) is not known,

the variation of F(±V) with applied bias can not be readily determined. However, the

symmetry of the I-V response suggests that an approximately equal number of reduced

and oxidized molecules at low biases exist in the region of the film that comprises the

tunnel junction. Thus, F(.V) varies from - 1/2F at low bias to r at IVI > 0.7 V. The

use of eq. 5 and F thus introduces a small error (factor of -2) in kt at low bias. The

nearly 50-fold increase in ket with increasing bias thus probably reflects a lowering of the

activation energy for electron-tunneling.

The observed dependence of ket on V closely resembles the functional dependence

of homogeneous electron-transfer rate constants on reaction free energy change (AGO)[ 731.

Because of the complex potential distribution within the tunnel region, however, the

applied bias is not necessarily equal to AGO nor can it be ascertained if a strict linear

proportionality exists between the two quantities. However, since it is obvious that the

driving force for electron transfer increases with increasing bias, Fig. 9 is indeed a

qualitative form of a free energy correlation.

As a final comment, in an alternative analysis of the I-V response, we have

considered the effects of diffusional electron condua.tion within PP(IX)Fe(III)C1 films.

Electron-transport in multilayer polymer films occurs by self-exchange electron-transfer

reactions between reduced and oxidized sites which are accurately modeled as a

diffusional flux of electrons[74]. For a film of thickness df and cross-sectional area AT,

the maximum diffusional flux is given by

I =nFATDe-F/df 2  (7)
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where De- is an apparent diffusion coefficient for electrons and the other symbols

represent previously defined quantities. Using the maximum current of I in Fig. 5a, df =

20 A, and AT = 3.1 x 10-14 yields De- = 10-2 cm 2/s. Since this value is -104 times

larger that the largest diffusion constants reported for electron conduction in redox

films[75], we have not pursued this direction of analysis.

CONCLUSION.

The experimental investigations presented here suggest that STM and TS can be

used to probe the electronic, as well as topographic, structure of electroactive molecular

films. Our preliminary analysis of electron-tunneling mechanism suggests that the redox

reactions of PP(IX)Fe(HI)CI films mediate the flux of electrons between the STM tip and

substrate. This conclusion is based on the similarity of the measured SDOS with Marcus-

Gerischer theory that describes the distribution of states for electroactive molecules.

Our study has also demonstrated that electrochemical responses of electroactive

films are paralleled by the behavior observed in TS experiments. Specifically, electron-

transfer reactions appear more facile in both electrochemical and TS measurements for

adsorbed PP(IX)Fe(III)CI films than for films derived by oxidative polymerization of

PP([X)Fe(III)CI.

It is interesting to note that the measured values of ket (109 - 5x10 10 s 1 ) obtained

in the tunneling measurements are of the same order of magnitude as recently reported

values of the first-order rate constants for exothermic electron-transfer reactions between

dissimilar electroactive molecules separated by a saturated hydrocarbon spacer. For

instance, Jordan et al. obtained ket values as large as 1.8 x 1010 s-1 from time-resolved

fluorescence measurements for excited-state electron-transfer from zinc meso-

phenyloctamethylporphyrin to a series of benzoquinones separated by a 10A long rigid

hydrocarbon spacer[761. Similar experiments by Closs and Miller yielded comparable
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values of electron-transfer rate constants (109 - 1010 s-1) for rigidly spaced electron donor

and acceptor pairs[771. Although obvious physical and chemical differences exist between

the mechanisms of electron transfer involved in the STM experiment and in the purely

chemical systems, the conceptual similarity between these reactions and the order-of-

magnitude agreement in the observed rates suggests that STM can be employed to

investigate the dynamics of extremely fast electron transfer reactions. We are currently

pursuing this area of research.
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FIGURES.

1. Cyclic voltammetric response of a HOPG/PP(IX)Fe(lII)Cl (adsorbed) electrode in a

N2-purged, 0.1 M Na2B407 solution. Voltammetric sweep rate = 50 mV/sec.

2. STM image of an HOPG/PP(IX)Fe(I)CI (adsorbed) electrode: (a) 500 x 500 nm

image; (b) 175 x 175 nm enlargement of (a) (Vt = 0.1 V; it =1.2 nA).

3. Cyclic voltammetric response of a HOPG electrode in a N2-purged, 0.1 M Na2B407

solution containing 0.5 mM PP(IX)Fe(III)Cl. Voltammetric sweep rate = 50

mV/sec. Successive scans show a decrease in both the anodic peak current at 0.75

V and the voltammetric wave at -0.52 V vs SCE.

4. STM image of an HOPG electrode after potential cycling between 0.0 and + 1.0 vs

SCE in 0. 1 M Na2B 4 07 solution containing 0.5 mM PP(LX)Fe(H)C. (a) 500 x

500 nm image (Vt = -224 mV; it = 0.54 nA). (b) 180 x 180 nm image (Vt = -100

mV; it = 1.00 nA).

5. (a) I-V curve for a HOPG/PP(IX)Fe(III)Cl (adsorbed) electrode. (b) SDOS plot

(dI/dV)/(I/V) vs (V)) of the HOPG/PP(IX)Fe(IIl)Cl (adsorbed) electrode from the

data in (a) are shown as circles (o). The theoretical SDOS (solid line) is calculated

from eq. (5) in the text.

6. (a) I-V curve for a bare HOPG electrode. (b) SDOS plot ((dI/dV)/(/V) vs (V)) of

the data in (a).
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7. (a) Cyclic voltammetric response in 0.01 M K4Fe(CN) 6 and 0.1 M Na 2SO4 of a Pt

electrode (0.4 mm radius) in a 3-electrode cell containing a SCE reference and Pt

auxiliary electrodes. I-V response of a 2-electrode thin-layer cell comprised of two

identical Pt electrodes separated by (b) 200 Lm and (c) 10 .m and containing the

same solution as in (a). Scan rate: 100 mV/s. In (a), V is measured vs. the SCE.

In (b) and (c), V is the applied bias between the two Pt electrodes.

8. (a) I-V curve for an HOPG electrode after anodic electropolymerization of

PP(IX)Fe(III)CI. (b) SDOS plot ((dI/dV)/(I/V) vs (V)) calculated from the data in

(a).

9. Plot of electron-transfer rate constant (ket, s-1) as a function of the total potential

applied between the STM tip and HOPG/PP(IX)Fe(III)CI (adsorbed) electrode. ket

values are calculated from tunneling currents, I, using eq. (6) in the text. Open (o)

and closed circles (*)represent values measured at negative and positive biases

(sample vs. tip), respectively
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